Introduction
Carbide-derived carbons (CDCs) are produced from carbides by removing noncarbon elements in the process of high temperature chlorination. CDCs with tunable pore size have numerous actual and potential applications in the area such as supercapacitors [1, 2] , lubrication [3] , hydrogen/methane storage [4] , and electrode materials [5] .
Generally, the pore size of CDCs is continuously distributed in a small range. Recently, it is found that carbons with hierarchical pore (HP) structure have higher performance than general carbons with monosize pore structure in the area of energy storage [6, 7] . These HP carbons have micropores, mesopores, and/or macropores. A hierarchical and highly porous CDC is obtained by chlorination from mesostructured SiC/TiC [8, 9] ceramics or preceramic polymer [10] . CDCs with micro-, meso-, and/or even macropores show high gas uptake and excellent performance as electrode materials in supercapacitors [11] [12] [13] [14] .
Is it possible to make CDCs with hierarchical pore structures (HPCDCs) directly from dense monolithic carbide precursor by high temperature chlorination? In this paper, an attempt is made to synthesize HPCDCs by chlorination from dense TiC.
Titanium carbide (TiC) is one of the most common and widely used carbides to make CDCs [15, 16] . Small and uniform carbon-carbon distance of TiC leads to uniform porosity and narrow pore size distribution of obtained CDCs. Their specific surface area (SSA) and total pore volume increase as chlorination temperature increases from 600 ∘ C to 900 ∘ C; however, the pore size distributions are almost unchanged [17] . Additionally, the fabrication of HPCDCs by chlorination from mesoporous TiC was studied [8, 18] .
In this study, CDCs are prepared from commercial dense titanium carbides by high temperature chlorination. Similar synthesis is reported in previous literature [17] . However, in our opinion, further microstructure study can help us better understand the material and the synthesis process. Although scanning electron microscopy (SEM) cannot be used to observe micropores in CDCs, it can clearly observe the surface morphology of CDC particles. In this paper, CDCs with meso-and macropores are desired. Extensive SEM pictures, combined with the results of X-ray diffraction (XRD) and Raman spectroscopy, are used to study the surface morphology of CDC particles. 
Figure 1: (a) XRD patterns of TiC and (b) CDC samples synthesized at various temperatures. Complete conversion of TiC to carbon takes place at 600 ∘ C and above. Broad peaks show the highly amorphous nature of the carbon produced from TiC.
Experimental

Preparation.
CDCs were produced by chlorination from commercial TiC powders (2-4 m, 99 wt.% pure, Aladdin Industrial Co., China). The TiC powders were placed on a graphite foil and loaded in the effective hot zone of a horizontal quartz tube furnace. The tube was purged with Ar for 30 min (60 cm 3 /min) and then heated up to the desired temperature (600-1100 ∘ C) at a rate of 20 ∘ C/min. Once the desired temperature was reached and stabilized, the flowing Ar was stopped and a chlorinating process for 3 h began in freshly prepared Cl 2 gas. After the chlorinating process completed, the samples were cooled down to room temperature under flowing Ar atmosphere (10-60 cm 3 /min) to remove residual metal chlorides and then taken out for further analyses. A description of the chlorination process in detail can be found elsewhere [19] .
2.2.
Measurements. XRD patterns were obtained by X-ray diffractometer (XRD, Bruker AXS Co., Germany) based on Cu K radiation. Microstructure of CDC particles was observed by scanning electron microscope (SEM, JSM-6390LV, JEOL, Japan). CDC samples were also analyzed by micro-Raman spectroscopy (Renishaw 1000, UK) using an Ar ion laser (wave length: 514.5 nm, spot size: 2 m) at 500 magnification. Isotherms of CDCs were measured by a N 2 absorption apparatus at 77 K (Autosorb-iQ-MP, Quantachrome, USA). Before N 2 sorption measurements, all samples were dried at 473.15 K for 10 h in vacuum. Brunauer Emmett Teller (BET) SSA was calculated by BET equation from volume of gas adsorbed at relative pressure between 0.05 and 0.3, where the BET isotherm is linear. Pore size distribution (PSD) and SSA of CDCs, assuming slit pores, were evaluated by nonlocal density functional theory (NLDFT).
-method was used to obtain the plots of differential micropore area/volume versus synthesis temperature. Figure 1 shows the XRD patterns of raw material TiC and obtained CDCs. From the figure, all TiC transforms to carbon at temperature above 600 ∘ C. The absence of sharp peaks in XRD patterns of CDCs ( Figure 1(b) ) indicates that as-synthesized CDCs are amorphous. However, it is noticed that there is a weak peak at 26 ∘ for samples synthesized at temperature above 900 ∘ C. The 26 ∘ peak is the characteristic peak of graphite. Therefore, some amorphous carbons transform to graphite at temperature above 900 ∘ C. Figure 2 shows the Raman spectroscopy analysis results of as-synthesized CDCs. For perfectly ordered graphite, only one peak, G band corresponding to in-plane stretching at ∼1579 cm −1 , should be shown in the range studied in Figure 2 (a). However, most graphites with disordered carbons generally exhibit a second disorder-induced peak (D band) at ∼1349 cm −1 as well as two combination bands (2D band at ∼2686 cm −1 and D + G band at ∼2914 cm −1 ) [20] . As shown in Figure 2 increases, as illustrated in Figure 2 (b), which should be due to lattice defects and/or sp 2 hybridization of carbons. Figure 2(c) shows the intensity ratio of D band and G band ( D / G , fitting calculation). Below 800 ∘ C, it increases with reaction temperature, while, above 800 ∘ C, the ratio decreases with temperature. Because G band is from ordered graphite and D band is from disordered graphite, the increase of D / G below 800 ∘ C means more and more carbons in disordered state are formed; the decrease of D / G above 800 ∘ C means more and more carbons transform from disordered state to ordered state. Figure 2(d) shows full width at half maximum of D band (FWHMD) and that of G band (FWHMG) for samples processed at varied temperature. As processing temperature increases, both FWHMs have a trend of decrease. This trend means the sharpening of the two bands, which indicates that more ordered CDCs are synthesized at higher temperatures. Figure 3 shows the SEM images of TiC powders and synthesized CDC powders. Figure 3(a) is the SEM image of TiC particles. Figure 3(b) is that of CDC particles processed at 600 ∘ C. The surfaces of that CDC are rough; however, they exhibit no obvious pores or cracks. Compared with TiC particles (Figure 3(a) ), CDC particles obtained at 600 ∘ C have similar particle shape (Figures 3(a) and 3(b) ). For samples obtained at 700 ∘ C, similar results are obtained. However, for samples made at 800 ∘ C, some cracks appear on the surface of CDCs (Figure 3(c) ). Moreover, more obvious cracks appear in the CDCs made at higher temperatures (Figures 3(d) and 3(g) ). Thus, the chlorinating process can result in the formation of intragranular cracks on the surface the formation of these cracks. The first one is a chemical reason. At high temperature, Ti element in TiC particles is carried off by chlorination very fast, which results in the collapse of the just formed CDC structure, and in turn causes the formation of these cracks. The second one is a physical reason. Thermal stress generated during heating up and cooling down results in the cracks. The thickness of the cracks is up to ∼1 m. These cracks are actually macropores that can act as molecule-buffer reservoirs and gas-channels in the energy storage application of CDCs. As shown in Figure 3(d) , at 900 ∘ C, there are some clear traces of graphitic layers in the surface of CDCs. Combining with XRD results (Figure 1 ) and Raman results (Figure 2) , we drew the conclusion that the CDC changes from amorphous carbon to graphitic structure with increasing chlorination temperatures. Additionally, some pits are formed on the surface of CDCs made at 900 ∘ C (inset of Figure 3(e) ). The formation of these pits should be related to the remotion of some carbons on the particle surface.
Results and Discussion
CDC Structure.
Specific Surface Areas and Pore Size
Distributions. Isotherms of CDC samples are shown in Figure 4(a) . A steep increase was observed at low relative pressure, followed by a moderate slope at intermediate pressure. Isotherms of all CDC samples, especially that of samples obtained at 700 ∘ C, are linear (type I), which is the characteristic of isotherms of microporous materials (pore size less than 2 nm). However, there exists small hysteresis, particularly in the isotherm of 1100 ∘ C sample, which is usually associated with mesopore structures (type H4); moreover, there are minor upwarps at the end of the isotherms of CDCs chlorinated at temperature above 800 ∘ C, which are associated with macropores in the samples [21] . Therefore, CDCs prepared at 700 ∘ C have only micropores. However, as chlorinating temperature increased, small amount of mesopores and macropores appeared in CDCs. The isotherms of CDCs obtained at 800-1100 ∘ C exhibit the combined effects of the micropores, mesopores, and macropores in the CDCs. In combination with SEM images (Figure 3 ), the N 2 isotherms of CDCs clearly support the evolving development of a multiscale pore structure from typical monosized microporous CDCs. Figure 5 shows pore size distribution of CDC samples. The pore size of all CDC samples is mainly distributed in the range of 0.7-2 nm. These are micropores that contribute maximized space sites for molecule storage or gas storage in the application of energy storage. However, there are some mesopores (2.0-4.5 nm) in CDCs as shown in Figure 5 , and the amounts of mesopores increase with processing temperature. The distribution curves of CDC samples made at 700-900 ∘ C are not continuous and a gap exists in the range of 2.1-2.3 nm. Therefore, these CDCs have hierarchical pore structure. The mesopores are greatly significant for providing channels with lower gas-transport resistance and shorter diffusion routes.
In addition, as processing temperature increases, cumulative pore volume increases; however, the ratio of micropore/mesopore decreases and CDCs processed at higher temperatures contain more mesopores. The volume of micropores increases with temperature below 1000 ∘ C and decreases above 1000 ∘ C. 1000 ∘ C is the best chlorinating temperature to acquire CDCs with the highest SSA (Figure 4(b) ) and the largest micropore volume (Figure 4(c) ).
In previous work [17] , SSA and total pore volume increase as chlorination temperatures increase from 600 ∘ C to 900 ∘ C. Here we report a maximum value at 1000 ∘ C. Above 1000 ∘ C, both SSA and pore volume decrease with temperature. This is because the increase of mesopore volume causes the decrease of micropore volume, and cracks appearing in the CDC (Figure 3 ) decrease the micropore volume further more. This is first report on the optimal chlorinating temperature, which is important for the production of CDCs with high SSA and large micropore volume.
Compared with previous method making HP CDCs from TiC with mesoporous structure [18] , this is a simple and cheap method to produce HP CDCs directly from commercial TiC powders.
Conclusions
Hierarchically porous TiC-CDCs were successfully synthesized from commercially available titanium carbides via high temperature chlorination process and their microstructure, specific surface area, and pore size were analyzed. In the chlorinating process, CDCs with different microstructure were acquired by controlling the reaction temperature. The CDCs obtained in this experiment mainly consisted of amorphous carbon and maintained the shape of TiC particles. At 800 ∘ C, the CDCs started transforming from amorphous carbon to graphite. As reaction temperature increased, the BET SSA increased from 672 m 2 /g to 1609 m 2 /g. Furthermore, the chlorinating process can induce the formation of intragranular cracks (macropores) and pits on the surface of CDCs, particularly in the CDCs produced at higher temperatures such as 800 ∘ C and 1100 ∘ C. As the authors know, it is the first time to observe and report this phenomenon.
